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Abstract. A measurement of the uncollided neutron ﬂux passing through a sample containing a stochastic
mixture of tungsten and sulfur grains has been performed using neutron resonance transmission analysis in
the 3–200 eV energy region. The impact of the heterogeneous characteristic of the sample is shown, based
on a comparison of the measurement with a calculated transmission spectrum of a homogeneous sample,
which was veriﬁed by a measurement with a homogeneous metallic disc. By using a single strong resonance
of tungsten, the particle self-shielding factor between 0.2–0.9 was directly measured. The experimental
data have been compared with model calculations using the Markovian Levermore-Pomraning model. The
measured transmission has been used to determine the eﬀective characteristic chord length and volume
fraction of the tungsten grains within the sample.
1 Introduction
When particles (e.g. neutrons, photons) travel through a stochastic mixture, the attenuation of the uncollided particle
ﬂux can diﬀer signiﬁcantly from the attenuation in a homogenized medium. This occurs predominantly if the char-
acteristic grain size length is larger than the mean free path in the grains. The eﬀect is commonly known as particle
self-shielding [1], where particle refers to the powder grains. In this contribution, this self-shielding eﬀect of tungsten
grains in a mixture with sulfur grains is investigated by neutron resonance transmission analysis (NRTA). A transmis-
sion measurement using neutrons is a well-established method to determine neutron-induced total cross sections [2].
By applying the time-of-ﬂight (TOF) technique characteristic resonance structures of nuclei can be revealed. In case
the cross section is accurately known, NRTA can be used as a non-destructive method to measure the elemental and
isotopic sample composition [3].
The necessity to include the stochastic nature of the media in the calculation of the particle transport occurs in
various scientiﬁc ﬁelds. For example, in radiation protection, the eﬀectiveness of shielding materials such as concrete
can depend on the homogeneity of the material, in particular, if strong absorber grains are added to the shielding. The
eﬀectiveness of the shielding depends then strongly on the size and heterogeneous distribution of the added grains [1,
4]. In nuclear engineering, neutron transport calculations need to account for stochastic mixtures such as the two-ﬂuid
turbulent mixture of liquid water and vapor in a boiling water reactor [5] or the randomly dispersed burnable poison
grains in nuclear fuel elements [6]. In climatology, the calculation of the radiation transfer through a partially cloudy
atmosphere as component of a general circulation model has to include a model for the stochastic mixture of clouds
and clear sky [7–9]. In astrophysics, calculations of the interstellar photon transport may need to take into account
the clumpiness of molecular clouds [10,11].
Various analytical models have been developed over the years to calculate the transmission of particles through
stochastic media based on diﬀerent underlying stochastic assumptions and approximations [1,4,5,12–17]. We refer the
reader to the original publications for speciﬁc details of the diﬀerent models. In this contribution we focus on the
Levermore-Pomraning (LP) model [15] since it is widely applied in various ﬁelds.
In the past, the transport of particles through a stochastic mixture has been studied experimentally. At the
Oak Ridge National Laboratory, the thermal neutron ﬂux of the ORNL Graphite Reactor was used to study the
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transmission of neutrons through a stochastic mixture of boron-carbide and aluminum [14]. Doub [1] studied the
particle self-shielding of boron-carbite spheres by measurements with a crystal spectrometer using low-energy neutrons
(< 2 eV). The data were limited to a minimum particle self-shielding factor of 0.86. Rosen et al. [18] and Keiter et
al. [19] studied the photon transport through inhomogeneous plasmas and foams, respectively, using laser beams. The
experiment presented in this study is in complement to the previous experimental results by analyzing the neutron
transmission through a stochastic mixture using resonance structured proﬁles to cover a large range of particle self-
shielding. In addition, the resonance structured proﬁle of the transmission was used to deduce characteristics of the
heterogeneous sample, namely the eﬀective characteristic length and volume fraction of the tungsten grains. For this
it was assumed that the sample can be described by a stationary, binary Markovian mixture and that only uncollided
neutrons which passed the sample are detected.
In sect. 2 the LP model of particle transport through a stochastic medium is brieﬂy summarized. In sect. 3 both
the experimental setup of the measurement and the data reduction are described. Results are given and discussed in
sect. 4.
2 LP model of the particle transport through stochastic media
Levermore et al. [15] developed a model for the particle transport through a stationary Markovian statistical binary
mixture. This model is often referred to as the LP model [20]. The LP model has been applied, for example, in
climatology to calculate the radiation through cloud ﬁelds [8], in inertial conﬁned fusion and to calculate the radiation
transfer through a two-ﬂuid turbulent mixture of liquid water and vapor [15].
Within this model the line segments in a particular component along a trajectory of a particle have an exponential
decaying length probability distribution. The uncollided, ensemble averaged, monoenergetic particle ﬂux Ψ at position
x is given by [15]
Ψ(x) = Ψ0
[
r+ − Σ˜
r+ − r− e
−r+x +
Σ˜ − r−
r+ − r− e
−r−x
]
, (1)
where Ψ0 is the initial ﬂux at position zero. The decay constants r± are given by
2r± =
[
〈Σ〉+ Σ˜
]
±
[
(〈Σ〉 − Σ˜)2 + 4β
]1/2
, (2)
with
〈Σ〉 = pαΣαt + pβΣβt (3)
Σ˜ = pβΣαt + pαΣ
β
t + λ
−1
α + λ
−1
β (4)
β = (Σαt −Σβt )2pαpβ . (5)
The two diﬀerent components of the binary mixture are denoted by α and β. Σit and λi are the total, Doppler
broadened, macroscopic cross section and the mean chord length of component i, respectively. The volume fraction pi
is given by pi = λi/(λα + λβ).
The transmission TLP of a monoenergetic particle beam through a sample with a thickness t is simply
TLP =
Ψ(t)
Ψ0
. (6)
On the other hand, the transmission Thom. of particles through a homogeneous sample is given by the Beer-Lambert
law consisting of only one decaying exponential,
Thom. = e−(pαΣ
α
t +pβΣ
β
t )t = e−〈Σ〉t. (7)
The microscopic and macroscopic cross section of component i are then related by: pitΣit = niσ
t
i with the areal density
denoted by ni.
The particle self-shielding factor f is used as a correction factor of the homogenized cross section 〈Σ〉 to take into
account heterogeneity eﬀects. The transmission of a monoenergetic particle beam through a heterogeneous sample
Thet. is then [1]
Thet. = e−f〈Σ〉t. (8)
Using the deﬁnition of the transmission within the LP model (eq. (6)) leads to
fLP =
− ln(TLP)
〈Σ〉 t =
ln(TLP)
ln(Thom.)
. (9)
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Fig. 1. A schematic representation of the transmission set-up.
The LP model (eqs. (1)–(6)) has recently been implemented directly into the resonance shape analysis code RE-
FIT [21] for the analysis of transmission data. Details of this implementation can be found in ref. [22]. Using numerical
derivatives REFIT can ﬁt all model parameters in the same manner as it ﬁts resonance parameters or areal densities.
3 Experimental conditions and data analysis
The self-shielding was investigated using neutrons as interrogation particles in a transmission experiment. The mea-
surements were carried out at the GELINA (GEel LINear Accelerator) TOF facility of the EC-JRC-IRMM [23].
GELINA is a multi-user, multi-purpose facility built for high-resolution neutron spectroscopy with a white neutron
source with neutron energies ranging from 10meV to 20MeV. It uses a pulsed linear electron accelerator which pro-
vides a beam with a maximum energy of 150MeV, a repetition rate between 50 and 800Hz and a peak current of 12A.
A magnet is used to compress the pulsed electron beam to about 1 ns before it impinges on a mercury-cooled rotating
uranium target and Bremsstrahlung is generated. Neutrons are produced by (n,γ) and (n,f) reactions. To produce a
white neutron spectrum ranging from thermal energy up to a few MeV, two 4 cm thick beryllium containers ﬁlled
with water are placed beneath and above the target as moderators. By shielding either the target or the moderator,
the direct or moderated spectrum can be used. For the measurements discussed in this contribution the moderated
neutron spectrum was used.
3.1 Experimental Setup
Flight path 2 of GELINA was used for the measurement. This ﬂight path forms an angle of 9◦ with the normal of the
moderator surface viewing the ﬂight path. A schematic view of the full setup is shown in ﬁg. 1.
During the measurement the accelerator was operated at 800Hz with an average electron current of 70μA. The total
neutron intensity was monitored by two BF3 proportional counters located in the concrete ceiling of the target hall. The
neutron beam was collimated in the concrete shielding of the target hall as well as in the 50 cm diameter ﬂight tubes.
At the sample position the beam had a diameter of 2 cm. The sample was placed in an automatic sample changer at
10.5m distance from the neutron producing target, allowing for an alternated sample-in and sample-out measurement.
Close to the sample position a 10B overlap ﬁlter, with an areal density of 0.008 at/b, was placed to absorb slow neutrons
from a previous burst. The measurement was performed with permanent S and Na black resonance ﬁlters. Additional
measurements with Co, W and Ag ﬁlters were performed to determine the time dependence of the background.
After sample and ﬁlters the beam was again collimated and impinged on a NE905 Li-glass scintillator enriched 95%
in 6Li, which was placed at a 24m ﬂight path. The neutron detector had a diameter of 110.0mm and a thickness of
12.7mm. The detector was viewed by a EMI9823-QKB photomultiplier (PMT). The anode pulse of the PMT was fed
into a constant fraction discriminator to create a fast logic time signal, providing the time of arrival of the neutron,
and into a spectroscopic ampliﬁer to determine the energy deposited in the detector. The TOF of a neutron was
determined using the time diﬀerence between the start signal T0, given at each electron burst, and the stop signal
Ts from the scintillator. It was measured with a multi-hit fast time coder with a 0.5 ns resolution, developed at the
EC-JRC-IRMM [24]. The TOF was then calculated using
TOF = (Ts − T0) + t0, (10)
where the oﬀset t0 was determined using the γ-ﬂash. Both ﬂight path stations with sample and detector were climatized
to keep a constant room temperature of 22 ◦C.
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Fig. 2. Photomicrograph of tungsten grains (grid mesh size of 150μm) before mixing with sulfur powder in the sample
preparation process.
The used powder sample was prepared by the target preparation group of the EC-JRC-IRMM [25]. The sample
was made by mixing 14.36 ± 0.10 g tungsten powder with 3.480 ± 0.025 g sulfur powder with nominal grain sizes of
50–250μm and 44μm, respectively. Figure 2 shows a photomicrograph of the used tungsten grains. The tungsten and
sulfur powder were mixed for 2 hours in a Teﬂon container. The mixture was then ﬁlled into an aluminum canning
with a diameter of 80.01±0.01mm, slightly pressed to a thickness of 1.02±0.07mm and closed with an aluminum lid.
For a homogeneous sample the average areal density of the sample is usually determined from the sample mass
and area. However, an X-ray radiograph of the powder sample revealed that the sample was not ﬁlled completely with
the mixed powder. Due to the vertical positioning of the sample in the neutron beam a void was formed at the top
of the sample. The sample was positioned with the neutron beam focusing on its lower part. The eﬀective tungsten
areal density was then obtained by a ﬁt to small resonances as will be discussed in sect. 4. Due to the relatively large
collimation compared to the grain sizes the neutron beam passes through a signiﬁcant number of diﬀerent mixing
realizations and an ensemble averaged signal is measured.
For reference, a homogeneous tungsten metal disc was used as well. The sample had a diameter of about 80mm and
a thickness of about 0.15mm. The sample area and mass were measured to be 4991.815±0.134mm2 and 14.291±0.001 g.
The resulting areal density was (9.3781± 0.0007)× 10−4 at/b.
3.2 Data reduction
The transmission Texp was obtained from the ratio of a sample-in measurement Cin and a sample-out measurement
Cout, both corrected for their background contributions Bin and Bout, respectively,
Texp = N
Cin − kBin
Cout − kBout . (11)
The TOF spectra (Cin, Bin, Cout and Bout) in eq. (11) were corrected for losses due to the dead time in the detector
and electronics chain. All spectra were normalized to the same TOF bin width and neutron beam intensity. The
latter was deduced from the response of the BF3 neutron monitors. For the mixed powder sample, the sample-out
measurement consisted of a measurement using a dummy aluminum canning. The factors N and k were introduced
to account for the uncertainty due to the normalization of the beam intensity and due to the used background model,
respectively. To avoid systematic eﬀects due to slow variations of both the beam intensity and detector eﬃciency as
a function of time, data were taken by alternating sample-in and sample-out measurements in cycles of about 900 s
each. Applying such a procedure, the factor N is about N = 1.000± 0.0025 [2].
To determine the background the black resonance technique was applied [2]. The background as a function of TOF
was parameterized by an analytical expression consisting of a constant and three exponentials,
B(t) = b0 + b1e−λ1t + b2e−λ2t + b3e−λ3(t+t0). (12)
The ﬁrst exponential is due to the detection of 2.2MeV γ-rays resulting from neutron capture in hydrogen present in
the moderator. The second exponential originates predominantly from neutrons scattered inside the detector station.
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Fig. 3. Sample-in (A) and sample-out (B) TOF spectra together with the corresponding background contribution using the
powder sample and dummy, respectively.
The third exponential is due to overlap neutrons from a previous cycle. The parameters b3 and λ3 were determined by
ﬁtting the transmission above 1ms. The time shift t0 is the inverse of the used accelerator frequency. The remaining free
parameters in the analytical expression (b0, b1, b2, λ1, λ2) were determined by a least square ﬁt to saturated resonance
dips observed in the TOF spectra resulting from measurements with black resonance ﬁlters. The time dependence of
the background was derived from dedicated measurements with S, Na, Co, W and Ag black resonance ﬁlters in the
beam. During the regular sample-in and sample-out runs S and Na ﬁxed black resonance ﬁlters were kept in the beam
to account for the dependence of the background level on the presence of the sample [2]. The dead time corrected
sample-in and sample-out TOF spectra together with the background contributions are shown in ﬁgs. 3(A) and (B),
respectively. Due to the measurements with the additional black resonance ﬁlters, the background uncertainty is less
than 3% which was introduced in eq. (11) using k = 1.00± 0.03.
The zero point of the time scale was deduced from the position of the γ-ray ﬂash. The conversion from TOF to
energy is also related to the response function of the TOF spectrometer, which is a convolution of diﬀerent components
such as the ﬁnite duration of the accelerator burst, the time resolution of the detector and electronics and the neutron
transport in the neutron producing target/moderator and the detector [2]. For this measurement, the response is
dominated by the neutron transport in the target/moderator assembly which has been simulated numerically [26].
This response is represented by a distribution of an equivalent distance [2]. An average ﬂight path was taken to
represent the data in energy.
The data processing package AGS (Analysis of Geel Spectra) was used to derive the transmission spectrum together
with the full covariance information [27].
4 Results
4.1 Transmission spectrum
The experimental transmission spectrum was deduced using eq. (11) and compared to calculations using the resonance
shape analysis code REFIT [21]. In the calculation of the transmission T˜ the REFIT code includes the response function
of the spectrometer. The REFIT calculations start from tabulated resonance parameters and also include the Doppler
broadening of the cross section.
In order to be less dependent on the quality of the nuclear data, the resonance parameters of tungsten were
adjusted with REFIT based on a transmission measurement using the homogeneous metal disc as reference sample. The
JEFF3.2T evaluation [28] was used as a start ﬁle. Figure 4 compares for the homogeneous metal disc the experimental
and calculated transmission spectra. The lower part of the ﬁgure shows the residual R of the calculation which was
determined using
R =
Texp . − T˜
uTexp .
, (13)
where T˜ is the calculated transmission, Texp . is the measured transmission and uTexp . is the uncorrelated uncertainty
of the measurement due to counting statistics. The ﬂat residual, together with the Chi-square per degree of freedom
χ2/ν = 1.0, indicate the good quality of the used resonance parameters.
Since the cross section of sulfur is constant and only about 1 b in the considered energy range, the average
sulfur content of nS = 1.300× 10−3 at/b, determined from the total sulfur mass and the sample area, was used in the
calculation of the neutron transmission through the powder sample. The resulting average decrease of the transmission
due to the sulfur matrix is less than 0.13%.
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Fig. 4. Experimental transmission spectrum Texp . through the homogeneous metallic reference sample as function of neutron
energy in the energy regions 3–200 eV together with the calculated transmission spectrum T˜hom..
Fig. 5. Experimental transmission spectrum Texp . as function of neutron energy together with the calculated transmission
spectra based on a homogeneous sample assumption (T˜hom.) or on the LP model (T˜LP) using REFIT for the energy regions
3–200 eV (A) and 17–22 eV (B).
As mentioned in sect. 3, the areal density of the tungsten content could not be accurately deduced from the tungsten
mass and sample area due to an inhomogeneous ﬁlling of the sample container. The transmission spectrum close to
the weak resonances of 183W at 40.71 eV, 144.33 eV and 192.22 eV was therefore used to determine the areal density
by a ﬁt to the data. For these resonances the particle self-shielding can be assumed to be small and the homogeneous
assumption is valid (see sect. 4.2). The deduced density is nW = (1.084± 0.014)× 10−3 at/b.
Figure 5 compares the experimental and calculated transmission spectra in an overall energy range of 3–200 eV
and in an extract of 17–22 eV. Applying the homogeneous sample assumption strong deviations between experimental
and calculated transmission are observed in the region of strong resonances. For example, for the resonance of 182W
resonance at 21.08 eV, the homogeneous model predicts a zero transmission. However, the experimental transmission
reveals that due to the grain characteristics neutrons can still transverse the sample. In addition, the wing shape of the
calculated transmission dip deviates signiﬁcantly from the measured transmission dip, as indicated by the residuals.
The maximum value of the residuals is 12 which means that this bias is not related to the uncorrelated uncertainty
of the data. The bias is also not related to the uncertainty of the background model which results in a transmission
uncertainty of less than 0.003 for the resonance dip. A similar behavior can be noticed for the 186W resonance at
18.83 eV. Finally, the χ2/ν was 4.7.
Adjusting the areal density by a ﬁt to the experimental transmission spectrum in the entire energy range from
3–200 eV results in an areal density of nW = (0.939± 0.001)× 10−3 at/b. This result is not consistent with the density
deduced from a ﬁt using only weak resonances. Even though the χ2/ν improves to 2.5 the residual is still not ﬂat.
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Table 1. Deduced tungsten areal densities from a ﬁt using small resonances and from a ﬁt using the entire spectrum and
applying the LP model.
Position Fitted areal density
Small resonances LP model
10−3 at/b 10−3 at/b
Top 1.052± 0.037 1.027± 0.006
Mid 1.036± 0.026 1.058± 0.003
Low 1.084± 0.014 1.096± 0.003
Fig. 6. (A) Experimental particle self-shielding factor as function of − ln (T˜hom.) for diﬀerent energy regions. (B) Experimental
and calculated particle self-shielding factor as function of − ln (T˜hom.).
The LP model was applied in a second calculation of the transmission spectrum shown in ﬁg. 5. In the calculation,
the two model parameters λα and pα together with the tungsten areal density were adjusted in a ﬁt to the experi-
mental data. Component β was assumed to consist of a homogeneous mixture of the void between particles and the
sulfur particles using the average sulfur content. The quality of the ﬁt improved signiﬁcantly compared to using the
homogeneous model. This can be noticed from the ﬂat residuals close to the strong resonances shown in ﬁg. 5 and
from the χ2/ν which decreased to 1.0. The model parameters λα and pα were deduced to be 54± 10μm and 26± 3%,
respectively. The obtained areal density nW = (1.096± 0.003)× 10−3 at/b using the LP model is consistent with the
result deduced from a ﬁt using only weak resonances. The uncertainties of the ﬁtted parameters θ were determined
by conventional uncertainty propagation using [29]
Vθ =
(
GTθ V
−1
T Gθ
)−1
, (14)
where Vθ and VT are the parameter and experimental covariances. Gθ is the sensitivity matrix of the transmission with
respect to the ﬁtted parameters. The experimental covariance matrix included the uncorrelated uncertainty component
due to counting statistics as well as the correlated components due to the normalization N , the background k and the
thickness of the pressed powder layer. The latter has no impact on the uncertainty of the ﬁtted areal density. Note
that REFIT uses only the uncorrelated uncertainty in the χ2 minimization.
The consistency between deducing the tungsten areal density from a ﬁt using small resonances and from a ﬁt using
the entire spectrum and applying the LP model was checked by performing two additional measurements. For theses
measurements the sample was positioned either with the center or with the upper part in the neutron beam. Table 1
summarizes the results of the areal density adjustments. Both methods are consistent within the quoted uncertainties.
4.2 Particle self-shielding factor
The particle self-shielding factor f can be estimated using directly the experimental transmission spectrum,
fexp . =
ln (Texp .)
ln (T˜hom.)
, (15)
where T˜hom. is the transmission through a homogeneous sample, calculated by REFIT accounting for Doppler broad-
ening and the response of the TOF-spectrometer. Figure 6(A) shows the experimental particle self-shielding factor as
Page 8 of 9 Eur. Phys. J. Plus (2014) 129: 58
function of− ln (T˜hom.) using the transmission data in diﬀerent energy regions. The factor decreases slowly with decreas-
ing transmission up to − ln (T˜hom.) = 0.1. For a transmission larger than T˜hom. = 0.85, the particle self-shielding factor
deviates only by 2% from unity which means that the impact of the heterogeneous characteristics of the sample becomes
small. This was the motivation to use weak resonance for the determination of the areal density. Above − ln (T˜hom.) =
0.1, the factor drops rapidly. The strongest self-shielding occurs for the 186W resonance at 18.83 eV. By using only
this single resonance a decrease in particle self-shielding factor from about 0.9 to 0.2 can directly be measured.
In ﬁg. 6(B) the experimental particle self-shielding factor is based on all data points between 3–200 eV. The factor
is also given as grouped values with 20 values per decade. For comparison, a calculation of the particle self-shielding
factor based on LP model (eq. (9)) is shown as well. In the calculation the model parameters, λα = 54μm and
pα = 26%, were used which were deduced in sect. 4.1 from a ﬁt to the transmission spectrum. It can be noticed that
the experimental particle self-shielding factor has the same characteristic shape as the theoretical one. In particular
the region where the factor drops rapidly is well reproduced.
5 Conclusion
In this contribution the particle self-shielding of tungsten grains in a powder sample has been investigated using neutron
resonance transmission analysis. The shortcoming of a homogeneous sample assumption has been demonstrated based
on measured transmission spectra. Applying the stochastic model of Levermore et al. [15] and ﬁtting the eﬀective
characteristic length and volume fraction of the tungsten grains, an agreement between calculation and experiment
was obtained.
An approximate particle self-shielding factor was directly deduced from the experimental results. The factor shows
a similar cross section dependent behavior as the one calculated using the Levermore-Pomraning model.
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